Reply to the Comment of X. Ji on "Spin and orbital angular momentum in gauge 

theories" [PRL 100:232002 (2008)] 
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It is certainly true and common that a bare-operator 
algebra may acquire scale-dependence and even anoma- 
lous terms when matrix elements are computed, but one 
must start from the bare-operator algebra when assign- 
ing appropriate physical meaning to any operator. In 
fact, this is exactly what one compares to when speak- 
ing of an anomaly. E.g., ^■§'0 (but not anything else) 
is identified as the quark spin operator purely because 
of its bare-operator property, irregardless of the axial 
anomaly. Actually, even the basic canonical quantiza- 
tion rule {tp(r, t), tp'(r', t)} = 8(f — r*) is modified by 
renormalization. There is no justification for abandon- 
ing such a bare-operator algebra due to its modification 
in renormalization. Moreover, these algebra are the ba- 
sic elements in quantum mechanics without renormaliza- 
tion, where the gauge-invariance problem with angular 
momentum is already encountered and our solution is 
needed. 

To examine Ji's comment that our proposal "clashes" 
with locality, one must first distinguish between locality 
and local expression. Locality means vanishing of com- 
mutator at space-like intervals, but it by no means re- 
quires a physical expression to be local function of all field 
variables, because (in a gauge theory, particularly) not all 
field components are independent variables to which the 
quantization rules apply. It must be further clarified that 
quantum field theory can accommodate non-locality for 
certain field variables without violating causality. The 
point is that the field variables are not always observ- 
ables. Locality is required only for the operators for 
physical observables, which must commute at space-like 
intervals so that experiments at space-like intervals pro- 
duce uncorrelated results. A celebrated example is the 
quantization of gauge theory in Coulomb gauge. In fact, 
as Strocchi and Wightman proved in |3[, quantization of 
gauge theory with only physical degrees of freedom nec- 
essarily involves non-locality and complex Lorentz trans- 
formation rule. 

Contrary to Ji's comment, our formalism does preserve 
Lorentz covariance. To appreciate this point, recall the 
well-known fact that the gauge field does not, in fact, 



transform as a four- vector 0, [H, 0| . Instead, it acquires 
an extra pure-gauge term: 

U(A)A"U- 1 {A) = A^A u {Ax) + d^Q,(x,A). (1) 

The expression for Q can be explicitly worked out by 
consistent canonical quantization and computation of the 
commutator of A^ with the generators of Lorentz trans- 
formation (a most complete treatment is offered in (5[), 
or, in the spirit of Weinberg by starting with physical 
photons and constructing A^ using the photon creation 
and annihilation operators. A remarkable fact is that if 
one applies the apparently non-covariant Coulomb gauge 

V • A — in one frame, then the extra pure-gauge term 
d^fl restores V'- A' = in a transformed frame. Since the 
canonical quantization rule for the physical field ^4phy S 
would be exactly the same as that for A in Coulomb 
gauge (in which A puic = and ^4 p hy S = A), in our for- 
mulation Aphys transforms just as in Eq. |T]), and hence 

V • A p hy S — is preserved under Lorentz transforma- 
tion. That is, the physical field is not transformed to 
include non-physical components by changing the refer- 
ence frame. 

Eq. ([T]) reminds us a profound fact, contrary to Ji's 
belief, that it is not always possible to have all physical 
variables transforming in the simple manner of Lorentz 
scalar, vector, etc. Such complexity is physical and in- 
trinsic: The transformation rule of any operator (such 
as the gluon spin) is dictated by its commutators with 
the generators of Lorentz transformation, and can be ex- 
plicitly worked out, though this is certainly a non-trivial 
exercise in QCD. 

In conclusion: the angular momentum operators which 
we construct are indeed physically sound, and provide 
a firm and consistent basis for further theoretical and 
experimental investigation of the nucleon spin structure 
in terms of the four (physically intuitive) contributions: 
quark/gluon spin and quark/gluon orbital angular mo- 
mentum. In the approach advocated by Ji 0, however, 
there is not even an identification for the gluon or photon 
spin, while separate manipulation of photon spin and or- 
bital angular momentum is already a routine practice in 
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modern optics [8j , both theoretically and experimentally, 
and great effort is being devoted to measuring the gluon 
spin inside the nucleon Q . 
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